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Origin of the slow dynamics and the aging of a soft glass
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We study by light microscopy a soft glass consisting of a compact arrangement of polydisperse
multilamellar vesicles. We show that its slow and non-stationary dynamics results from the un-
avoidable small fluctuations of temperature, which induce intermittent local shear deformations in
the sample, because of thermal expansion and contraction. Temperature-induced shear provokes
both reversible and irreversible rearrangements whose amplitude decreases with time, leading to an
exponential slowing down of the dynamics with sample age.
PACS numbers: 82.70.-y, 61.20.Lc, 61.43.-j, 62.20.Fe
Quite generally, correlation functions in glassy systems
exhibit a two-step relaxation [1]. This applies to super-
cooled molecular liquids and spin glasses, but also to a
large variety of soft materials, such as concentrated col-
loidal suspensions [2], emulsions [3], surfactant phases,
and gels [4]. In soft glasses, the initial decay of density-
density correlators measured e.g. by dynamic light scat-
tering is well understood: it corresponds to the thermally
activated motion of particles in the cage formed by their
neighbors [2], or to overdamped phonons, whose ampli-
tude is restricted by structural constraints, like in concen-
trated emulsions [3] or surfactant phases [4]. By contrast,
the motion associated with the final relaxation of the cor-
relation function is still poorly understood, in spite of the
large research effort of the last years. Subdiffusive [2, 5],
diffusive [6], hyperdiffusive [7] and ballistic [4, 8] behav-
ior has been observed, often associated with dynamical
heterogeneity [9, 10, 11, 12] and aging [5, 6, 7, 13, 14].
In most cases, the origin of this slow dynamics is not
clear, although elasticity and the relaxation of internal
stress have been highlighted as possible key ingredients
[4, 7, 8, 15]. Indeed, light scattering experiments cou-
pled to rheology have shown that an external oscillatory
shear strain can help the system evolve towards a more
relaxed configuration, presumably by relaxing internal
stress [13, 16, 17]. However, the physical mechanism by
which internal stress may be relaxed in undriven systems
has not been identified clearly to date.
In this Letter we present light microscopy experiments
that probe the aging dynamics of a compact arrangement
of multilamellar vesicles. Surprisingly, we find that the
driving mechanism for the slow evolution of the sample
configuration are the experimentally unavoidable fluctu-
ations of temperature, which induce intermittent local
mechanical shears in the sample, due to thermal expan-
sion and contraction. We find that the amplitude of both
reversible and irreversible rearrangements provoked by
the shear decreases with time, leading to aging.
The sample is a water-based mixture of surfactants
and a block-copolymer, whose composition is given in
ref. [18]. At 5◦C the sample is fluid; above 8◦C the in-
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FIG. 1: Relative MSD along the long axis of the capillary as
a function of the time lag τ . The sample age is tw = 7500 sec
(squares), 22500 sec (circles) and 37500 sec (triangles). Stars:
MSD calculated by taking into account only the irreversible
rearrangements. The dotted line is a power law fit yielding an
exponent 1.8 ± 0.1. Full line: “mean squared displacement”
of the temperature fluctuations, ∆T 2, as defined in the text.
Inset: Portion of a typical image of size 283µm × 184µm.
crease of the hydrophobicity of one segment of the block-
copolymer leads to the formation of polydisperse mul-
tilamellar vesicles, or onions [19]. All experiments are
performed at temperature T = 23.4◦C, where the onions
are densely packed and no changes in the structure are
observed with time. Previous linear rheology and dy-
namic light scattering experiments [15, 18] have shown
that this system displays a slow dynamics whose char-
acteristic timescale increases with time after a transition
from the fluid to the gel-like phase (“aging”).
The sample is loaded at 5◦C in a glass capillary of
length a few cm and rectangular cross-section (0.2 ×
2mm2), which is flame-sealed to prevent evaporation.
Centrifugation is used to confine the air bubble left after
filling at one end of the capillary. The sample is then
placed in an oven (Instec) that sets the temperature to
23.4◦C (T is measured on the capillary in the close vicin-
ity of the sample). The standard deviation of T over
1 day is 0.09◦C. Age tw = 0 is defined as the time at
which T has reached 23.4◦C. A microscope equipped
with a 10x objective is used to image the onions between
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FIG. 2: Age dependence of a) the square root relative parallel
displacement,
p
〈∆r‖(tw, τ )2〉; b) the global parallel displace-
ment 〈∆R‖(tw, τ )〉; c) the temperature variation over a lag τ ,
∆T (tw, τ ). Note that ∆T shown here is among the largest
recorded during the experiment. In all panels τ = 315 sec.
crossed polarizers (see the inset of Fig. 1). The field of
view is 0.93mm × 1.24mm and is located in a horizon-
tal plane in the center of the capillary. Images are taken
every 15 sec for about 24 hours and analyzed with the
Image Correlation Velocimetry method [20] to quantify
the time evolution of the (coarse-grained) displacement
field. Each image is divided into 192 regions of interest
(ROIs) corresponding to 76µm×76µm in the sample and
the displacement (i. e. translational motion) ∆Ri(tw, τ)
of each ROI for pairs of images taken at time tw and
tw + τ is measured with an accuracy of 50 nm [21].
We first discuss the relative displacement, defined as
∆ri(tw, τ) = ∆Ri(tw, τ)− 〈∆Ri(tw, τ)〉, where 〈· · ·〉 de-
notes an instantaneous spatial average over all ROIs.
We calculate the mean-squared relative displacements
(MSDs) 〈∆r‖(tw, τ)2〉 and 〈∆r⊥(tw, τ)2〉, where the sub-
script i has been dropped for simplicity and ‖ and ⊥
refer to the two horizontal components of ∆ri, parallel
and perpendicular to the long axis of the capillary, re-
spectively. · · · denotes a time average over a window of
15000 sec centered around tw. We find that the motion is
strongly anisotropic, with the parallel displacement typ-
ically one order of magnitude larger than the perpen-
dicular one; therefore, in the following we focus on the
parallel motion that dominates the dynamics. Figure 1
shows the parallel MSD as a function of the lag τ , for
three ages (open symbols). Three distinct regimes are
observed: a first rapid increase of the MSD with τ at
short lags, an almost flat plateau at intermediate lags,
extending over about two orders of magnitude in τ , and
a long-lag regime where the MSD increases strongly with
τ . Moreover, the dynamics slows down with age, as re-
vealed by the decrease of the MSD with tw at all lags.
To get insight in the physical mechanisms at the ori-
gin of this slow dynamics, we examine time-resolved
quantities. The two-time squared relative displacement,
〈∆r‖(tw, τ)2〉, exhibits strong fluctuations with tw, with
intermittent peaks of high amplitude. This is shown, for
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FIG. 3: Age dependence of a) the spatially-averaged absolute
displacement at a lag τ = 315 sec; b) and c) the relative
squared displacement at τ = 315 and 15000 sec, respectively.
The vertical dotted lines in a) and b) show the time window
expanded in figs. 2 a) and b). The finite base line in c) (grey
line) corresponds to irreversible rearrangements that persist
even when ∆T = 0. Inset of b): stars, mean value of the top
25% intermittent peaks of 〈∆r2‖〉; line, exponential fit.
τ = 315 sec, in fig. 2a for a short time window and in
fig. 3b for the whole duration of the experiment (this
lag corresponds to the plateau of the MSD, see fig. 1).
A visual inspection of the movie of the sample motion
suggests that the fluctuations of the relative displace-
ment are associated with those of the global displace-
ment, 〈∆R‖(tw, τ)〉, and that the latter are of the same
order of magnitude as the former. The movie shows also
a large drift during the initial temperature jump, due
to the thermal expansion of the sample. This suggests
that the fluctuations of 〈∆R‖〉 recorded once a constant
temperature is reached may be due to small fluctuations
of T , which are experimentally unavoidable. Indeed, a
raise (decrease) of T would induce an expansion (contrac-
tion) of the sample. Because the material is confined, it
would deform essentially perpendicular to the free inter-
face. Hence, the expansion/contraction of the sample is
expected to be uniaxial, resulting mostly in a global dis-
placement in the ‖ direction, as observed experimentally.
To test this hypothesis, we show in fig. 2c the variation
of T over a lag τ , defined as ∆T (tw, τ) = T (tw + τ) −
T (tw), and we compare it to
√
〈∆r2‖(tw, τ)〉 (fig. 2a) and
〈∆R‖(tw, τ)〉 (fig. 2b). Clearly, whenever ∆T increases or
decreases so does 〈∆R‖〉. Similarly, any peak in the rel-
ative mean squared displacement (positive by definition)
3corresponds to a (positive or negative) fluctuation of ∆T .
Note that the time-averaged value of the global displace-
ment 〈∆R‖〉 is 0 (see fig. 3a), consistently with the fact
that there is no net drift of T . The similarity between
the different signals shown in fig. 2 can be quantified by
calculating their linear correlation coefficient, c, which
ranges from 0 to 1. For the pair ∆T (tw), 〈∆R‖(tw)〉 and
for all ages and all lags, we find c = 0.74± 0.15 demon-
strating a strong correlation between the fluctuations of
the global displacement field and those of the temper-
ature. A significant correlation, although with a lower
value c = 0.57 ± 0.15, is also found between
√
∆T 2 and√
〈∆r2‖〉, suggesting that the larger the global displace-
ment field, the more spatially heterogeneous the defor-
mation. This heterogeneity is in contrast to what may
be expected for simple fluids or diluted suspensions. It
is likely to stem from local variations of the viscoelas-
tic properties of the sample, due to its jammed nature,
and to the curvature of the meniscus at the sample-air
interface. For lags corresponding to the MSD plateau,
the relative displacement field most often corresponds to
a shear in the ‖ direction, as shown in fig. 4. Note that
the displacement field varies slowly: thus, the dynamics
is strongly correlated in space and the shear, of order
0.1% at most, is in the linear regime, as determined by a
strain sweep at a frequency of 1 Hz [18]. This long-range
correlation is in contrast with the case of molecular glass
formers and colloidal hard spheres, for which dynamical
correlations extend over a few particles [1, 10].
To seek further support for the crucial role of the fluc-
tuations of T , we compare the macroscopic thermal ex-
pansion coefficient, χT , to that estimated from our ob-
servations. For the latter, one has χT =
1
L
δL
δT
, where
L = 2 cm is the length of the sample from the bubble-
free capillary end to the position of the field of view and
δL the length variation provoked by a temperature varia-
tion δT . By taking for δT and δL the standard deviation
of ∆T (tw, τ) and 〈∆R‖(tw, τ)〉, respectively, and using
the data for τ = 315 sec we find χT = 40 ± 10mK−1 in
good agreement with 26mK−1 for water [22].
Temperature fluctuations are thus at the origin of the
intermittent motion shown in figs. 3a,b, where peaks of
∆T correspond to large fluctuations of 〈∆R‖(tw, τ)〉 and
hence of 〈∆r2‖〉. Given the key role of temperature fluctu-
ations, deeper insight on the evolution of the MSD shown
in fig. 1 may be obtained by comparing the 〈∆r2‖〉 data
to the analogous of the MSD for T , fT (τ) = ∆T (tw, τ)2.
This quantity is plotted in fig. 1 as a solid line and dis-
plays remarkable analogies with the MSD. Similarly to
the MSD, fT (τ) increases with τ until reaching a plateau
for τ = τc ∼ 300 sec, a time scale of the order of the slow-
est fluctuations of T . For τ < τc, T is on average mono-
tonic. The relative MSD follows the evolution of T and
hence increases monotonically as well. By contrast, for
time lags τ & τc, the sample has been submitted to sev-
eral fluctuations of T , which have induced several shear
deformations in the two opposite directions. On these
time scales, this back and forth motion is virtually fully
reversible and does not lead to a growth of the cumu-
lated displacement; hence, a plateau is measured for the
MSD. The reversible nature of the motion in this regime
is further supported by the observation that the peaks of
the two-time squared displacement shown in fig. 3b raise
from a base line that is essentially zero, corresponding to
pairs of images taken —by chance— at nearly the same
T . Thus, the initial growth of 〈∆r2‖〉 and the plateau
are not due to the usual “rattling in the cage” mecha-
nism, but rather to reversible shear deformations caused
by temperature fluctuations. However, while fT (τ) sat-
urates at the plateau value for all τ > τc, a further in-
crease of the MSD is observed at very large τ . This sug-
gests that several expansion/contraction cycles imposed
by the fluctuations of T eventually trigger irreversible re-
arrangements, whose cumulated effect is responsible for
the final growth of the MSD.
This picture is confirmed by the time evolution of
〈∆r2‖(tw, τ)〉 calculated for a lag τ = 15000 sec≫ τc and
shown in fig. 3c. Intermittent peaks similar to those of
fig. 3b are observed, corresponding to the largest val-
ues of ∆T (tw, τ). In contrast with the data for shorter
lags, however, the peaks in fig. 3c raise from a base line
larger than zero (grey line). As discussed previously, the
baseline corresponds to pairs of images taken at nearly
the same T , in the absence of any global displacements.
A non-zero baseline confirms that the T -induced shear
deformations have led to irreversible rearrangements of
the sample. This behavior is strongly reminiscent of
that of colloidal systems submitted to a mechanical shear
[13, 16, 17, 23, 24] or vibrated granular media [25]. Al-
though the microscopic mechanism responsible for rear-
rangements may vary (e.g. hydrodynamic interactions
play a major role in [17, 23]), the general picture is the
same: shear deformations lead to irreversible rearrange-
ments. In our experiments no mechanical shear is im-
posed; remarkably, however, the small strain ∼ 10−3 due
to temperature fluctuations δT ∼ 0.1◦C is sufficient to in-
duce irreversible rearrangements on very long time scales.
At a given age, the height of the baseline shown in
fig. 3c provides a direct measurement of the relative
mean squared displacement for τ = 15000 sec when
only irreversible rearrangements are taken into account.
We calculate the irreversible mean squared displacement,
MSDirr(τ), by analyzing in a similar way data at a variety
of time lags, and show in fig. 1 the result for tw = 7500 sec
(star symbols). Remarkably, we find MSDirr ∼ τp over
about two orders of magnitude in τ , with p = 1.8 ± 0.1,
thus indicating that the irreversible motion is close to
ballistic, for which p = 2. We stress that a similar ballis-
tic motion has been invoked to explain the slow dynamics
in a variety of soft glassy materials probed by light and
X-photon scattering techniques [4, 8, 18], including the
41 µm
FIG. 4: Relative displacement field between two images sep-
arated by 315 sec, for tw = 2280 sec. The arrows indicate
the displacement for each ROI. The size of the images is
0.93mm×1.24mm, with the longest side along the ‖ direction.
very same samples described here.
With age, the change in configuration corresponding to
both the reversible and the irreversible rearrangements
diminishes: this is demonstrated by the decrease of the
height of the peaks of 〈∆r2‖〉 with tw (figs. 3b,c), as well
as by the negative slope of the base line of 〈∆r2‖〉 mea-
sured at long lags (fig. 3c). We find that the amplitude
of both reversible and irreversible rearrangements decays
exponentially with sample age, with roughly the same
characteristic time τaging: independently of τ , τaging ∼
39900±5500 (30200±4300) sec for irreversible (reversible)
rearrangements. For irreversible rearrangements, τaging is
obtained from the slope of the base line in a log-lin rep-
resentation of 〈∆r2‖〉 vs tw, as in fig. 3c. For reversible
rearrangements, we divide the data in 6 time windows
and plot the average height, h, of the top 25% largest
peaks of each window as a function of tw (see inset of
fig. 3b); τaging is then obtained by fitting an exponen-
tial decay to h(tw) [26]. A similar exponential aging has
been observed for other soft glasses [4, 6]; it may be ex-
plained by assuming MSDirr ∝ nrearr, where nrearr is the
number of irreversible rearrangements per unit time, oc-
curring in “weak sites”. These sites correspond to the
regions that are initially most unstable mechanically and
are more likely to be relaxed by a rearrangement. We
further assume nrearr = ΓN(t), with Γ the probability of
rearrangement per unit time (dictated by the fluctuations
of temperature and thus independent of age) and N(t)
the number of weak sites not yet rearranged. The tempo-
ral evolution of N obeys dN(t)/dt = −ΓN(t) and hence
N(t) ∝ exp(−Γt), thus explaining the exponential decay
of the irreversible mean square displacement. We cannot
exclude that new weak sites are created, however, in the
time window we probe, the dynamics is dominated by the
relaxation process. Note that the amplitude of the de-
formation field due to a temperature-induced expansion
or contraction is likely to be larger the more numerous
the weak zones still to be relaxed. Thus, the evolution of
N(t) would also explain the exponential decay of h that
parallels that of MSDirr.
As a final remark, we note that the behavior reported
in this work should be relevant to other closely packed
soft systems, such as concentrated emulsions or surfac-
tant phases and swollen polymer spheres or star poly-
mers, where elasticity prevails over dissipation. Indeed,
T fluctuations in most typical experiments on soft ma-
terials are comparable to those reported here and would
lead to similar strains, since the thermal expansion co-
efficient of water- or organic solvent-based systems is of
the same order of magnitude.
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